Abstract: A grid-connected DFIG for wind power generation can affect power system small-signal angular stability in two ways: by changing the system load flow condition and dynamically interacting with synchronous generators (SGs). This paper presents the application of conventional method of damping torque analysis (DTA) to examine the effect of DFIG's dynamic interactions with SGs on the small-signal angular stability. It shows that the effect is due to the dynamic variation of power exchange between the DFIG and power system and can be estimated approximately by the DTA. Consequently, if the DFIG is modelled as a constant power source when the effect of zero dynamic interactions is assumed, the impact of change of load flow brought about by the DFIG can be determined. Thus the total effect of DFIG can be estimated from the result of DTA added on that of constant power source model. Applications of the DTA method proposed in the paper are discussed. An example of multi-machine power systems with grid-connected DFIGs are presented to demonstrate and validate the DTA method proposed and conclusions obtained in the paper.
Introduction
Variable speed wind generators, such as DFIGs, are connected to a power system through power electronics based converters. Their dynamic interactions with the power system are different to that of conventional synchronous generators (SGs). Grid connection of wind generators may either displace conventional synchronous machines to retire or simply to meet system load increase without displacing 2 any SGs. In both cases, large-scale grid integration of variable speed wind generators may pose a threat to the security of power system operation. One particular concern is the damping of power system lowfrequency oscillations as affected by grid-connected wind generators. This important issue can be studied by examining the system small-signal angular stability, which has been a subject of investigation in many recent publications [1] - [8] .
Authors of [1] have thoughtfully summarized three main factors that a grid-connected DFIG may affect the damping of power system oscillations: (1) displacing a synchronous generator; (2) changing system load flow; (3) dynamically interacting with synchronous generators. Each of those factors can influence power system small-signal angular stability differently. Earlier work presented in [2] and [3] has adopted an approach of displacing synchronous machines by the DFIGs to investigate the impact of wind penetration on power system small-signal angular stability. [4] and [5] further extend the strategy of displacement to investigate the effect of supplementary reactive power/voltage control of DFIGs on power system small-signal angular stability. Useful conclusions are presented in [4] and [5] for guiding how increased wind penetration can safely replace conventional generation in the power system. The case of increased wind penetration to meet the load requirement without displacing any SGs has been investigated in [6] - [8] . Grid integration of a DFIG changes system load flow and introduces dynamic interactions with SGs at the same time. It will be useful if a method can be developed to individually examine the impact of each of those two affecting factors of the DFIG on power system small-signal angular stability.
This paper considers grid connection of DFIGs to meet the load increase without displacing any conventional SGs. Main contribution of the paper is the application of conventional method of damping torque analysis (DTA) to estimate the impact of DFIG's dynamic interactions with the SGs on power system electromechanical oscillation modes. In order to clearly demonstrate the procedure of applying the DTA method, Heffron-Phillips model of a multi-machine power system [9] - [13] with a grid-connected DFIG is established. In the established model, DFIG is treated as a feedback controller expressed by its transfer functions. Thus the impact of DFIG's dynamic interactions with the SGs can be estimated to be its damping torque contributions to affect the system oscillation modes. It is demonstrated in the paper that when the dynamic interactions are assumed to be zero, the DFIG is degraded into a constant power source to affect power system load flow only. Thus it is concluded that the DFIG's impact due to the change of load flow can be estimated by modelling it as the constant power source. Separate examination of two affecting factors of DFIG on power system small-signal angular stability is achieved. This provides a way for gaining better understanding and deeper insight into the mechanism on how grid-connected DFIGs affect the power system small-signal angular stability. Figure 1 shows the configuration of a DFIG connected to a multi-machine power system. In Fig. 1 ,
jQ is the injection of complex power from the DFIG into power system which is the physical cause of existence of interactions between the DFIG and power system for the DFIG to affect system smallsignal angular stability. 
where
is the dynamic variation of the complex power when the system is subject to small disturbances.
exists as the result of dynamic interactions between the DFIG and power system.
It is the key element to determine how the DFIG's dynamic interactions with power system affect system small-signal angular stability. In this section, the DTA is applied to estimate how much the effect of In order to demonstrate in details how the strategy outlined above can be implemented to separately examine the impact of dynamic interactions and load flow change brought about by the DFIG, in this section, firstly the Heffron-Phillips dynamic model of the power system of Fig. 1 is established. Secondly the DTA is applied to give the estimation of the impact of DFIG's dynamic interactions with power 4 system. Finally, potential applications of examining the impact of load flow change introduced by the DFIG are discussed.
Heffron-Phillips model
The linearized model of a multi-machine power system with a grid-connected DFIG can be established to be
which can be written as
where state variables and elements of state matrix are as same as those defined in the conventional Heffron-Phillips model of a multi-machine power system [9] - [14] . 
In matrix form, Eq. (5) and (6) can be written together as
Linearization of power output from the DFIG can be obtained to be
ΔX c (8) Detailed derivation of Eq. (2) and (4) is given in Appendix A. That of Eq. (5) , (6) and (8) is given in Appendix B.
From Eq. (7) and (8) 
Equation (3), (4) and (9) Heffron-Phillips model has been used for examining the damping torque contribution from a power system controller, such as a power system stabilizer (PSS), to affect power system electromechanical oscillation modes [9] - [13] . The model shown by 
Damping torque analysis
Transfer function matrix from the DFIG outputs, w P  and w Q  , to its electric torque contribution to the electromechanical oscillation loop of synchronous generators can be obtained from Fig. 2 
where ( )
Hence the electric torque contribution from the DFIG is
The electric torque provided by the DFIG to the kth synchronous generator is
where () , the damping torque provided by the DFIG to the kth generator can be obtained from Eq. (12) and (13) to be
where Re{} denotes the real part of a complex number. Let the sensitivity of the electromechanical oscillation mode to the damping torque coefficient of the kth generator be
Equation (14) and (15) Estimation of dynamic interactions of the DFIGs with the SGs is important to understand the change of behavior of the power system when the DFIGs get involved. In [5] and [8] , it was proposed that the participation factors of state variables of the DFIGs are calculated to estimate the scale of involvement of the DFIGs in power system electromechanical oscillation modes. However, the participation factors can only examine the scale of DFIG's involvement in a particular electromechanical oscillation mode of interests.
i  by applying the DTA as proposed in this paper can give the estimation of not only the scale, but also the direction of DFIG's dynamic engagement in the oscillation mode, i.e., positive to enhance or negative to reduce the damping of oscillation mode of interests.
As pointed out and discussed previously in this section, Eq. (9) indicates that dynamic interactions of DFIG's with power system should normally be limited as in power systems, s V  usually is small. Hence the impact of dynamic interactions as measured by i  is small. This means that if the impact of grid connection of DFIG on power system small-signal angular stability is significant, it normally should be due to the change of load flow brought about by the DFIG. This conclusion is useful in planning the grid connection of wind farms when their dynamic models are normally not available. By modelling wind farms as constant power sources and computing the oscillation modes from system open-loop state matrix g A , the most dangerous scenarios of connections of wind farms can be found. 9 
An Example
Configuration of a 16-machine 68-bus test power system is shown by Fig. 4 . In this example, the 7th-order model of SG, 2nd-order model of the AVR and 2nd-order model of the PSS were used. The loads were modelled as constant impedance. Parameters of the system and synchronous generators are given in [20] . There are four inter-area oscillation modes in the power system crucial to the small-signal angular stability of example system, which are listed in Table 1 . 
Fig. 4. Configuration of 16-machine 68-bus test power system
In order to demonstrate the application of the proposed method, it is assumed that a wind farm represented by a DFIG is to be connected at node 8 of the example power system without displacing any synchronous generators. Parameters of the DFIG are given in Appendix D. Load flow change introduced by the DFIG is balanced by G13. Finally, to confirm those results, closed-loop system model of Eq. (1), (2) and (8) . Hence correctness of the method proposed in the previous section is confirmed.
From Fig. 5 it can also be seen that the effect of dynamic interactions between the DFIG and synchronous generators on the damping of oscillation mode 1 is negative but rather limited; that on the damping of mode 2, 3 and 4 is slightly bigger and positive, but still very small. As normally the effect of dynamic interactions introduced by the DFIGs on power system small-signal angular stability is small, the changes of the oscillation modes are mainly due to the effect of load flow brought about by the DFIGs when they are significant. Hence when the impact of wind power connections is examined, the wind power generation can be modelled as constant power injection firstly. By changing the amount of wind power injection, the most dangerous scenarios of system operation with wind power connections can be identified via calculating 0 i  . To demonstrate this conclusion further, another candidate DFIG connection location, node 16, is also considered. When the output power of DFIG is set to 3 pu, the effect of load flow brought about by the DFIG at node 8 and node 16 0 i  is listed in Table 2 . The accurate results (with DFIG's dynamics being included) of inter-area oscillation modes as effected by DFIG at node 8 and node 16 i  are also listed in Table 3 . From Table 3 , it can be seen that: (1) Among four inter-area oscillation modes, mode 3 is the most dangerous one, crucial to the small-signal angular stability. (2) For mode 3 and 4, DFIG connected at node 12 difference is little. Same conclusions can also be drawn from Table 2 when the DFIG was modelled as constant power sources, which demonstrates the changes of the oscillation modes are mainly due to the effect of load flow brought about by the DFIGs. Table 5 . From Table 4 and Table 5 , it can be seen the both the participation factors and the results of 
Conclusions
Grid connection of wind power can meet load increase without displacing any conventional synchronous generators in a power system. This paper investigates how this kind of grid connection of wind power affects power system small-signal angular stability. Major contribution of the paper is the proposal of applying the damping torque analysis (DTA) to estimate the impact of DFIG's dynamics on power system small-signal angular stability. The application is presented in the paper on the basis of establishment of Heffron-Phillips model of a multi-machine power system with a grid-connected DFIG.
Result of applying the DTA clearly indicates that when the DFIG is modelled as a constant power injection, the effect of DFIG's dynamics is excluded. Thus the effect of load flow change brought about by 13 the DFIG can be identified by modelling the DFIG as a constant power source. The total impact of the DFIG is that introduced by the DFIG's dynamic interactions with SGs, which can be estimated by applying the DTA, in addition to that of load flow change brought about by the DFIG.
An example of multi-machine power system with a grid-connected DFIG is presented in the paper to demonstrate and validated the proposed application of the DTA. It is worthwhile to point out that though the application of DTA for the grid-connected DFIG is proposed in the paper on the basis of HeffronPhillips model, it is easy to demonstrate that it is applicable for a general linearized model of a multimachine power system where a higher-order mathematical model of synchronous generators is used. Linearized model of N synchronous generators is [14] (also refer to [14] for the definition of variables and parameters) 
